Background: Treatment for primary central nervous lymphoma (PCNSL) with chemotherapy and radiotherapy has resulted in improved survival, but some patients develop neurologic deterioration that represents a treatment-related toxic effect. This delayed neurotoxicity has been poorly defined in the literature, and the underlying mechanisms are unknown.
Conclusion:
These findings suggest that the core pathophysiologic mechanism is the interruption of frontalsubcortical circuits mediated by radiation damage, possibly caused by progressive microvascular alterations, loss of oligodendrocyte progenitors, or oxidative stress.
Arch Neurol. 2005; 62:1595 -1600 P RIMARY CENTRAL NERVOUS system lymphoma (PCNSL) is a non-Hodgkin lymphoma that arises within the brain, spinal cord, or eyes in the absence of systemic disease. Treatment often includes whole-brain radiotherapy and chemotherapy, which achieve a median survival of 30 to 60 months and occasional cures. However, following treatment, some patients develop neurologic deterioration in the absence of tumor recurrence. This delayed treatment-related toxic effect has a clinical and radiographic picture that most closely resembles a diffuse leukoencephalopathy.
The pathophysiologic mechanisms underlying the development of neurotoxicity are poorly understood. It has been suggested that the combination of chemotherapy and radiotherapy is synergistic in producing the damage based on in vitro and animal model studies, 1,2 but direct evidence is lacking in humans.
Several clinical trials on PCNSL have reported neurotoxicity as a consequence of therapy. [3] [4] [5] [6] When a combination of whole-brain radiotherapy and chemotherapy is used, the incidence ranges from 20% to 30% of patients. However, interpretation of these data has been limited by small sample sizes, immature data, varying statistical analysis, and lack of a uniform definition of neurotoxicity. Treatment-related neurotoxicity may describe a wide spectrum of neurologic conditions, ranging from asymptomatic white matter changes on neuroimaging studies to severe dementia. Many studies do not make a distinction between acute and delayed toxicity, and a detailed description of clinical features and outcomes associated with neurotoxicity is not available in the literature. The objective of our study was to describe the clinical findings, time course, and pathophysiologic mechanisms associated with neurotoxicity in an attempt to generate hypotheses for future studies that address prevention and treatment of this complication of successful PCNSL therapy.
METHODS
We reviewed our PCNSL database for all patients seen at the Department of Neurology of Memorial Sloan-Kettering Cancer Center between 1985 and 2000. In this database, neurotoxicity was defined clinically as neurologic deterioration following treatment for PCNSL that was not caused by tumor recurrence or another identifiable cause. Patients with neurotoxicity were assessed for potential risk factors and outcomes and compared with patients who had PCNSL without neurotoxicity.
Time to neurotoxicity was calculated from the date of initial treatment to the date of neurotoxicity or last follow-up. Typically, the Kaplan-Meier method is used to calculate survival or incidence probabilities. However, a large number of patients die of PCNSL before developing neurotoxicity. Therefore, when estimating the incidence of neurotoxicity, we accounted for death as a competing risk. 7 The estimates of the incidence of neurotoxicity for various groups were compared using a modified 2 test. 8 Potential risk factors assessed included age, sex, history of lymphoma, positive cerebrospinal fluid cytologic test results, meningeal enhancement on magnetic resonance imaging, presence of mental status changes or seizures at diagnosis, number of lesions, abnormal creatinine clearance, ocular involvement, Karnofsky scale performance status, cranial radiotherapy, radiotherapy dose, and chemotherapy.
The medical records of patients with neurotoxicity were reviewed to characterize the clinical syndrome. Prevalence of symptoms and severity over time were assessed. For recording these changes, neurologic assessments closest to the dates of neurotoxicity onset and 6 months, 1 year, and 2 years after neurotoxicity onset were reviewed. Symptoms were divided into 4 categories, cognitive, psychiatric, motor, and autonomic, and were rated as severe, moderate, mild, or absent. Progression for a given category of symptom was defined as change of at least 1 degree in severity during the observed period. Reports of magnetic resonance imaging performed at diagnosis and during follow-up for neurotoxicity were reviewed. When films were available, the degree of leukoencephalopathy observed on fluidattenuated inversion recovery or T2-weighted images was rated per the Fazekas scale. 9 Autopsy findings, when available, were also reviewed.
RESULTS
One hundred ninety-four patients with PCNSL were seen in our institution from May 1985 to October 2000. Eleven patients were excluded owing to lack of information regarding treatment date or follow-up status; therefore, 183 patients were included in the analysis. The median age was 60 years; there were 103 men ( Table 1 and Table 2 ). Treatment for PCNSL included whole-brain radiotherapy in 129 patients (70%) and high-dose methotrexate-based regimens in 152 patients (83%). The median overall survival was 2.9 years (95% confidence interval [CI], 2.3-3.6 years), and the median follow-up of survivors was 3.6 years (range, 0.1-12.9 years).
Neurotoxicity developed in 43 patients. The cumulative incidence of neurotoxicity was 5% (95% CI, 3%-10%) at 6 months, 18% (95% CI, 13%-32%) at 2 years, and 24% (95% CI, 18%-32%) at 5 years (Figure 1 ). Figure 1 also shows the incidence of death without neurotoxicity and the incidence of either event. At 2 years, the probability of either event (neurotoxicity or death without neurotoxicity) was 50%. This was made up of an 18% probability of developing neurotoxicity and a 32% probability of death before development of neurotoxicity. All deaths before neurotoxicity were due to tumor progression. The probability of either event was 16% (95% CI, 11%-21%) at 6 months and 77% (95% CI, 70%-84%) at 5 years. The median overall survival for patients who developed neurotoxicity was 1.8 years (95% CI, 1.0-2.3) from the onset of neurotoxicity.
Univariate analysis of the incidence of neurotoxicity by potential risk factors showed that age of 60 years or older (Figure 2 , P =.01), female sex (P=.05), presence of mental status abnormalities at PCNSL diagnosis (P = .04), and cranial radiotherapy (PϽ.001) were statistically significant risk factors for the development of neurotoxicity (Table 2 ). In the multivariate analysis, only radiotherapy remained a significant risk factor.
Medical records from 30 of the 43 patients with neurotoxicity contained sufficient information to evaluate the clinical course of neurotoxicity. The prevalence of symptoms 1 month after treatment for PCNSL (considered new baseline neurologic status), at neurotoxicity diagnosis, and at 6 months, 1 year, and 2 years after diagnosis of neurotoxicity is given in Table 3 . One month after the end of treatment, 59% of patients had mild or moderate cognitive impairment, which was thought to represent the residual effects of tumor or acute toxicity. However, all patients subsequently developed some degree of cognitive impairment, which was the symptom that led to the diagnosis of neurotoxicity in all of them. Frequent complaints were decreased attention, slowness, apathy, and memory difficulties; these symptoms were often subtle and difficult to recognize, but patients' conditions deteriorated over time and most patients eventually fulfilled criteria for overt dementia. Eight patients underwent com- plete neuropsychological evaluation, which revealed impaired psychomotor speed, executive function, and memory abilities; a detailed description of neuropsychological findings was reported elsewhere. 10 Psychiatric symptoms, characterized by personality changes, aggressiveness, psychotic symptoms, and episodes of delirium, were present in 40% of patients at neurotoxicity onset. These symptoms did not seem to progress The incidence of neurotoxicity stratified by age, showing that although older patients are at a significantly higher risk, the development of neurotoxicity is also a concern in long-term survivors younger than 60 years.
over time, reflecting a response to neuroleptics or development of severe apathy that obscured other symptoms.
Motor and autonomic features developed after cognitive difficulties became apparent. Mild or moderate motor symptoms were present in 48% of patients at baseline assessment, mostly due to lateralized weakness corresponding to the prior tumor location. As neurotoxicity symptoms progressed, all patients developed a stereotypic gait disturbance characterized by small shuffling steps, widened base, difficult turns, and postural instability. These symptoms progressed over months to years, and patients eventually became bed or wheelchair bound. At 2-year follow-up, 67% of the patients assessed had moderate or severe gait disturbance. Difficulty with swallowing and pseudobulbar symptoms developed in some patients, requiring gastrostomy. Autonomic symptoms represented by urinary and subsequently fecal incontinence were seen in advanced disease and resembled a frontal-type autonomic dysfunction. At 2-year follow-up, incontinence was present in 50% of patients, and there was no response to the use of anticholinergic medications. As a result of neurologic deterioration, the median Karnofsky performance status score decreased from 90 one month after completing PCNSL treatment to 50 two years later. All patients eventually required nursing care, and most died of causes related to neurotoxicity. Five patients with neurotoxicity underwent autopsy, and the details were reported elsewhere. 11 Findings included diffuse thickening of small vessels in the deep white matter as well as white matter gliosis, spongiosis, and widespread myelin and axonal loss in all patients. No tumor was identified in any patient. Neuroimaging revealed that all patients with neurotoxicity had progressive diffuse white matter changes and cortical-subcortical brain atrophy, with diffuse ventriculomegaly in addition to variable degrees of encephalomalacia corresponding to the location of the previous tumor (Figure 3 ). Only 12 patients had films available for review and rating of white matter changes. At a median of 4 years after neurotoxicity onset, 4 patients had grade 4 or 5 white matter changes, 5 had grade 3, and 2 patients had grade 1 or 2. In some patients, the white matter changes were asymmetrical, with more severe abnormalities corresponding to previous tumor location or radiotherapy boost. White matter changes progressed in all patients throughout follow-up.
Hydrocephalus was a frequently associated radiographic feature, and 12 patients had a ventriculoperitoneal shunt placed to treat normal pressure hydrocephalus, which may be a component of neurotoxicity. Four patients had transient, mild improvement that was insufficient to change the symptom score according to our classification; all these patients' conditions continued to deteriorate clinically.
COMMENT
The present study provides the first comprehensive description, to our knowledge, of the neurologic consequences associated with successful combined modality treatment for PCNSL. Although a few reports that focus on the incidence of neurotoxicity are available, interpretation of results has been limited by small sample size, short followup, and varying definitions of neurotoxicity. 3, 10, 12, 13 In our series, neurotoxicity presented as a stereotypic and progressive dementia, developing after a variable delay from the end of treatment. Cognitive dysfunction was seen early in the syndrome and was followed by motor and, eventually, autonomic symptoms. The resulting clinical picture resembles other diseases categorized as subcortical dementias, particularly subcortical arteriosclerotic encephalopathy (Binswanger disease), 14 cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy, and normal pressure hydrocephalus. 15 Through various mechanisms, these diseases disrupt parallel circuits from the frontal cortex to the basal ganglia and corresponding thalamocortical connections. 16, 17 In our patients, a ventriculoperitoneal shunt failed to produce a consistent and sustained benefit, suggesting that the observed ventricular dilation is primarily ex vacuo and that normal pressure hydrocephalus plays a minor role, if any. Conversely, radiotherapy was the only significant risk factor that led to neurotoxicity, suggesting that radiation-induced injury is the primary pathophysiologic process.
Extensive studies 18 have detailed the timing and radiobiological parameters concerning radiotherapy-induced brain injury, but little is known about the cellular and biochemical pathophysiologic features. Radiation-induced central nervous system damage has been divided into 3 forms: acute, early delayed, and late delayed. The acute and early delayed forms usually produce transient deficits and probably involve a different pathogenesis compared with the late-delayed reactions, which are irreversible. Leukoencephalopathy is a late-delayed reaction, but some of our patients developed symptoms and signs within months of completing treatment, suggesting that a long latency is not necessary for permanent damage to occur.
Vascular injury is a well-described feature of radiationinduced central nervous system damage. Studies in humans and animal models have demonstrated that radiation induces vessel wall thickening, vessel dilation, nuclear enlargement in endothelial cells, and necrosis. These are features of radionecrosis that only recently have been recognized as important in treatment-related leukoencephalopathy. 11 An argument against the vascular hypothesis for radiotherapy-induced leukoencephalopathy is that the gray matter is relatively spared by radiation effects, despite its vulnerability to ischemia. 19, 20 However, the predilection for white matter injury is consistent with the vascular hypothesis because our patients developed a syndrome similar to Binswanger disease in which microvascular alterations that affect the blood flow in medullary arterioles lead to loss of oligodendrocytes, myelin, and axons in the deep white matter.
14 These findings are identical to those seen in our patients at autopsy.
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One of the hallmarks of neurotoxicity is the ongoing and cumulative damage manifested clinically as a delayed and progressive encephalopathy. Continued injury to vessels or other parenchymal elements must occur to explain the delay in presentation and the progression over time. Suggested mechanisms include depletion of glial progenitor cells and perpetuation of oxidative stress induced by radiation. 18 Radiation may diminish the reproductive capacity of oligodendrocyte precursors such as O-2A, disrupting the normal turnover of myelin. 21 This progressive demyelination may take months to cause symptoms, contributing to the latency in onset of neurotoxicity and its progressive nature.
Radiotherapy causes tissue injury by generating intracellular free radicals. A study 18 that examined the expression of Hmox1, a surrogate marker of oxidative stress, after spinal cord irradiation in animal models showed that overexpression of Hmox1 could be detected after a delay of 5 months and that it anticipated the development of radiotherapy-induced myelopathy. These data suggest that persistent oxidative stress triggered by radiotherapy may be a determining factor in the delayed and progressive character of neurotoxicity.
Based on these pathogenetic theories, several strategies of treatment for radiotherapy-induced brain injury have been proposed, including hyperbaric oxygen, amifostine, anticoagulation, vitamin E, and other antioxidants. [22] [23] [24] [25] However, available studies are limited to a small series of patients, most notably in the setting of radionecrosis developing after focal radiotherapy. Therefore, to date, no effective treatment has been defined.
The role played by chemotherapy in the genesis of neurotoxicity has been difficult to ascertain. Most PCNSL regimens include known neurotoxic drugs, such as methotrexate and cytarabine. Chronic, permanent methotrexaterelated neurotoxicity has been described in children undergoing treatment for leukemia or sarcomas in the absence of central nervous system disease or cranial irradiation. 26, 27 Pathologic findings are similar to those associated with radiotherapy-induced neurotoxicity. 26 However, those children all developed acute, severe deficits at onset and remained stable or improved over time, unlike our patients, who had a delay in onset and deteriorated. This suggests that chemotherapy-related toxicity is a different entity from radiotherapy-related toxicity; this is consistent with the fact that only 1 of our patients treated with chemotherapy alone developed neurotoxicity. Furthermore, the addition of chemotherapy to radiotherapy did not increase the risk of developing neurotoxicity in this study.
The role of preexisting conditions, such as prior vascular disease or degenerative conditions, is difficult to establish because patients were not evaluated before PCNSL diagnosis. The PCNSL cells infiltrate brain parenchyma widely, which may render these patients more susceptible to other injuries. 28 The presence of mental status changes at tumor diagnosis was a significant univariate risk factor for neurotoxicity and may be a surrogate marker for severity or extent of tumor damage that could enhance patients' vulnerability to subsequent neurotoxicity. Moreover, the finding that older age is a risk factor suggests that age-related alterations in the brain microenvironment may be critical to the pathogenesis of neurotoxicity.
The present study is limited by its retrospective nature. The diagnosis of neurotoxicity was based on clinically significant cognitive dysfunction, and mild cases may have been missed. In fact, mild cognitive impairment is a frequent finding in patients treated for PCNSL. 10, 29 A prospective study is needed to ascertain whether these minor symptoms are part of the spectrum of delayed neurotoxicity or whether they represent a nonprogressive consequence of (REPRINTED) ARCH NEUROL / VOL 62, OCT 2005 direct tumor damage or treatment-related acute toxicity. Regardless, our study demonstrates that delayed neurotoxicity following treatment for PCNSL is a progressive syndrome with a well-defined and fatal clinical course, characterized by neurologic dysfunction that goes beyond cognitive symptoms. Treatment of neurotoxicity is ineffective, so prevention is essential. There are 2 potential approaches to decrease the incidence of neurotoxicity. One is the development of more effective chemotherapy regimens that eliminate or defer radiotherapy, which has been the current trend in recent PCNSL trials. [30] [31] [32] [33] A second possible approach is interrupting the chain of biochemical and cellular events that precedes the clinical manifestations of neurotoxicity. The delay in development of symptoms provides a potential therapeutic window for neuroprotective strategies that aim to decrease the vascular damage and oxidative stress in patients at risk. Other investigational venues include extrapolating prevention and symptomatic treatment for vascular dementia and regeneration therapies such as oligodendrocyte progenitor cell-associated remyelination. 34 
